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We investigate how a phase transition from neutron-star (NS) matter to spin-polarized neutron
matter (SPM) affects the equation of state (EOS) and mass-radius relation of NS. While general
extension schemes for the EOS allow for high energy densities and pressures inside NSs, we find that
a phase transition to SPM excludes extreme regimes in these extensions. Hence, such a phase transi-
tion limits the maximum mass of NSs to lie below 2.6−2.9M, depending on the microscopic nuclear
forces used, while significantly larger masses of 3−4M could be reached without these constraints.
Remarkably, this lower maximum mass is in good agreement with recent constraints extracted from
the NS merger GW170817 and its electromagnetic counterpart. Assuming the description in terms
of SPM to be valid up to densities in the core of NSs, we find that stars with a large spin-polarized
domain in their core are ruled out by the gravitational-wave observation GW170817.
Motivation.– Neutron star (NS) observations, such
as the recent detection of two merging NSs in the
gravitational-wave (GW), gamma-ray, and electromag-
netic (EM) spectra [1–4], designated as GW170817, GRB
170817A, and AT 2017gfo, respectively, provide crucial
constraints on the equation of state (EOS) of dense
strongly interacting matter. The EOS is a key quantity
for astrophysics and sensitively depends on strong inter-
actions. Hence, it connects astrophysical observations to
laboratory experiments at rare isotope beam facilities for
the most neutron-rich extremes at RIBF, Japan, and the
future FRIB and FAIR facilities in the US and Germany,
respectively. While there is a wealth of theoretical models
for the EOS of NS matter (see Refs. [5–7] for reviews), ob-
tained from different theories for strong interactions and
with various methods, for densities beyond nuclear satu-
ration density nsat ≈ 0.16 fm−3 these models can only be
confronted with a limited set of experimental data, e.g.,
from heavy-ion collisions [8].
Neutron stars are the densest objects in the Universe
and probe the EOS up to several times saturation density.
Neutron-star observations are therefore an ideal source
of additional information that complements experimen-
tal data and provides powerful constraints for the EOS
at higher densities [14, 15]. The structure of a NS is
described by the mass-radius (M–R) relation, which is
an important observational quantity and in a one-to-one
correspondence with the EOS: The M–R relation fol-
lows from the EOS by solving the Tolman-Oppenheimer-
Volkoff (TOV) equations [16, 17]. Measuring the M–R
relation, and therefore the EOS, observationally is how-
ever extremely difficult. On the one hand, NS masses
can be determined very precisely for some NSs in bi-
naries [18]. For example, the precise measurement of
two two-solar-mass NSs [19–21] established a robust and
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strong constraint on the EOS of strongly interacting mat-
ter, and implied that the EOS has to be sufficiently stiff
at high densities to support NSs in that mass regime.
This constraint was recently tightened by the observa-
tion of a 2.17+0.11−0.10M NS [22]. While the uncertainties
for this observation are still large compared to the pre-
vious two-solar-mass stars, they might improve to the
2−3 % level within the next year [22]. In contrast to
masses, radii are extremely difficult to measure because
of a limited number of suitable NSs and large systematic
and statistical uncertainties [23]. Future observations,
e.g., by the NICER [24] and eXTP missions [25], will
improve this with target radius uncertainties of 5−10 %,
corresponding to 1 km or better [26].
In this situation, the recent observation of a NS
merger [1, 4] by the LIGO-Virgo collaboration (LVC)
as well as many observational collaborations has pro-
vided exciting additional insights. While the GW signal
GW170817 has been used to constrain the radius of a typ-
ical 1.4M NS to be below 13.6 km [27–29], additional
information can be obtained from the observed EM kilo-
nova. From this, properties of the ejected material could
be inferred, which allowed to exclude a prompt collapse
to a black hole. It was deduced that the immediate prod-
uct of the NS merger was a hypermassive NS supported
by differential rotation, which then collapsed to a black
hole on the timescale of a few 100 ms. A longer-lived
merger remnant would be able to deposit a large amount
of rotational energy into the ejected material, leading to
the formation of an energetic relativistic jet. The absence
of such a jet has led several groups to that a longer-lived
supramassive NS (supported against collapse by uniform
rotation) or a stable NS did not form [11–13].
Based on the EM observation and the previously dis-
cussed scenario, one can propose limits on the maximum
mass of non-rotating NS, the so-called maximum TOV
mass, Mmax. In general, a higher Mmax will lead to a
larger allowed maximum mass for a rotating NS and,
therefore, to a longer lifetime of the NS merger remnant.
The absence of a prompt collapse requires Mmax to be
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FIG. 1. Mass-radius relation for NSs using chiral EFT input up to saturation density and a speed-of-sound extension to
higher densities (gray areas), and when considering a phase transition to SPM for (a) AFDMC calculations with local chiral
interactions to N2LO (red areas), (b) for MBPT calculations of Ref. [9] based on chiral EFT interactions to N3LO (orange
areas), and (c) for BHF calculations based on the Nijmegen and Reid93 phenomenological interactions [10] (blue areas). The
hatched areas correspond to the uncertainty bands in the EOS for SPM, and therefore, to the uncertainty in the onset of the
phase transition. In panel (a), the solid red line in the hatched region corresponds to the centroid of the calculation. The
horizonal lines and band mark the inferred constraints from the EM signal of GW170817 from Refs. [11–13] (see text for details).
sufficiently large to stabilize the hypermassive NS, while
the absence of a longer-lived merger remnant forces Mmax
to be sufficiently small so that no supramassive NS can
form [11]. Based on this reasoning, several estimates on
the upper limit of Mmax were proposed. To be more spe-
cific, from the energy deposited into the kilonova ejecta,
Margalit et al. [11] concluded the NS maximum mass
to be bounded by Mmax 6 2.17M, similar to Shibata
et al. [12] who found Mmax = 2.2 ± 0.05M. Rezolla
et al. [13] used empirical relations between Mmax and
the maximum masses of uniformly rotating or differen-
tially rotating NSs to conclude Mmax 6 2.16+0.17−0.15M,
and Ruiz et al. [30] found Mmax = 2.16−2.28M.
From the theoretical side, the range of predicted Mmax
varies over a much wider range. Model EOS for as-
trophysical simulations are typically limited by maxi-
mum masses of the order of 2−2.5M [18], while gen-
eral extrapolations based on modern nuclear forces at
nuclear densities and polytropic or speed-of-sound ex-
tensions at higher densities usually allow for a much
wider range of pressures and energy densities explored
within NSs [14, 27, 29, 31, 32]. In the most extreme
case, these extensions allow for very high pressures in-
side NSs that can support large values for the maximum
mass, limited only by Mmax . 4.0M (Mmax . 2.9M)
when a nucleonic EOS range is considered up to nsat
(2nsat) in Ref. [29]. Other approaches using general ex-
tensions typically find maximum masses ranging between
2.9−3.2M [14, 27, 31, 32], based on a different set of
nuclear physics calculations and other physically moti-
vated constraints. These ranges are also consistent with
earlier findings of Mmax . 2.9M, where a nucleonic
EOS up to 2nsat was combined with the stiffest possible
EOS [33, 34], or of Mmax . 4.0M in a similar approach,
but considering a nucleonic EOS to a lower density [35].
In this Letter, we propose a novel theoretical con-
jecture which limits the maximum mass to lie below
2.6−2.9M, and is therefore relevant for all extension
schemes discussed above. In particular, we propose that
a possible phase transition to spin-polarized neutron mat-
ter (SPM) provides general constraints on the properties
of matter inside NSs and excludes areas with high energy
density and pressure in NSs. We have investigated several
EOS for SPM and found that a phase transition from un-
polarized NS matter to this phase of matter drastically
softens the EOS, which leads to NS masses effectively
only for matter up to the transition density. Only in
the case of the stiffest possible EOS for SPM do we find
stars that experience a spin-polarized phase in their core.
However, in these cases, most of the resulting EOS are
ruled out based on the GW observation GW170817 [27–
29]. As a result, we do not find any NS that exhibits a
considerable domain of the spin-polarized phase in their
core, which is consistent with astrophysical observations,
in agreement with Ref. [10]. Therefore, the main effect of
the onset of such a phase transition is to determine the
end of the stable branch of the NS M−R relation and to
limit the range for Mmax. We show our main findings in
Fig. 1 for SPM calculated with various approaches that
we will discuss hereafter. The different approaches give
very consistent results and limit the maximum mass to
be below 2.6−2.9M. This excludes NSs that explore
the extreme energy densities and pressures (gray areas
in Fig. 1). Improved future calculations of SPM with
reduced uncertainties can further tighten this constraint.
Method.– To arrive at our conclusions, we start from
3the general EOS extension of Refs. [15, 29]. This fam-
ily of EOSs is constrained at nuclear densities by micro-
scopic calculations using local chiral effective field theory
(EFT) interactions and precise Quantum Monte Carlo
(QMC) methods, see Refs. [36–39] for more details. Chi-
ral EFT is a systematic theory for nuclear forces which
is based on the symmetries of Quantum Chromodynam-
ics but describes nuclear interactions in terms of nu-
cleon and pion degrees of freedom [40–42]. It explicitly
includes long-range pion-exchange interactions, and pa-
rameterizes short-range interactions by a general opera-
tor basis whose low-energy couplings (LECs) are fit to
nucleon-nucleon (NN) scattering data as well as few-
body systems. Chiral EFT naturally provides three-
nucleon (3N) interactions which have been found to be
extremely important for calculations of nuclear matter,
while four-body interactions have been found to be very
small [31, 43]. Due to their systematic organization, chi-
ral interactions provide an order-by-order power count-
ing which allows to systematically improve the interac-
tions and to estimate theoretical uncertainties. Being a
momentum expansion, chiral EFT is limited to low mo-
menta similar to the scales explored in atomic nuclei, but
it allows to put constraints on the EOS at these densi-
ties [5, 43, 44]. On the other hand, QMC methods are
among the most precise methods to solve the many-body
problem [45]. Using chiral interactions as input, QMC
methods have been used to calculate nuclei and neutron
matter with great success [39, 46]. This also shows that
microscopic calculations can connect the physics of nuclei
with the astrophysics of NSs.
For the results in this Letter, we have used
the auxiliary-field diffusion Monte Carlo (AFDMC)
method [47]. Together with the local chiral EFT interac-
tions, this approach can be applied to neutron matter up
to densities around 2nsat [29]. In Refs. [15, 29], we have
shown how to use these neutron-matter calculations to
calculate the EOS of NS matter. To extend these cal-
culations to higher densities explored in the core of NSs,
we have used an extension in the speed of sound, which
allows to model the most general family of EOSs consis-
tent with our nuclear-density results (see also Ref. [32]).
Using chiral EFT constraints up to nsat and the speed-
of-sound extension at higher densities, we found that the
radius of a typical 1.4M NS has to fall in the range
of 8.4−15.2 km and Mmax 6 4.0M. This upper limit
is given by the stiffest nuclear EOS consistent with lo-
cal chiral EFT constraints at nuclear densities and the
stiffest-possible causal EOS at higher densities, and re-
duces to 2.9M if nuclear-physics input is considered up
to 2nsat, as discussed before. We show the most general
EOS band consistent with nuclear physics constraints up
to nsat as gray bands in Fig. 1.
For each of the EOS within the EOS band, we now
construct a new EOS that includes a phase transition
to SPM. We sketch our construction in Fig. 2. To ob-
tain the EOS for SPM, we make use of three different
calculations: AFDMC calculations using local chiral in-
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FIG. 2. Upper panel: Example EOS for unpolarized NS
matter (red solid line) and SPM (red dashed-dotted line).
We show the EOS that results when considering a strong first-
order phase transition between the two phases in the Maxwell
construction (blue dashed line, with ∆P = 0), as well as an
EOS that results when smearing out the phase transition as
in a Gibbs construction (blue dotted lines with a finite ∆P ).
Lower panel: Maximum mass reached for one representative
EOS with phase transition to SPM as a function of ∆P .
teractions up to N2LO, many-body perturbation theory
(MBPT) calculations of Ref. [9] based on chiral EFT in-
teractions to N3LO, as well as a Brueckner-Hartree-Fock
(BHF) calculations [10] based on the phenomenological
Reid 93 and Nijmegen [48] potentials. We show the re-
sults for SPM for these different calculations in Fig. 3.
Results.– Using AFDMC, we have performed calcula-
tions of SPM at leading order (LO), next-to-leading order
(NLO), and for two different Hamiltonians at next-to-
next-to-leading order (N2LO), which differ by the choice
of the 3N parametrization, see Ref. [39] for details. For
each Hamiltonian, we then estimate the uncertainties ac-
cording to the order-by-order convergence [49], which cor-
responds to the bands shown in panel (a) of Fig. 3. Our
AFDMC results are in good agreement with the findings
of Ref. [50], which used the same method and interac-
tions, but did not estimate the EFT uncertainties. In
the following, we will use only the VE1 parameterization
as it provides the more conservative results (with higher
energies for SPM, see the red band in Fig. 3), but note
that both 3N parameterizations overlap well.
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FIG. 3. Energy per particle for SPM as a function of density obtained from (a) AFDMC calculations with local chiral
interactions up to N2LO, (b) for MBPT calculations of Ref. [9] based on chiral EFT interactions to N3LO, and (c) for BHF
calculations based on the Nijmegen and Reid93 phenomenological interactions [10]. For comparison, the free spin-polarized gas
is shown. For the AFDMC calculations, we give results for two 3N-force parameterizations at N2LO (TPE and VE1), with
the centroid as solid lines and uncertainty bands following Ref. [49]. In the middle panel, the uncertainty band is obtained by
exploring different chiral interactions as well as cutoff and 3N coupling variations; see Ref. [9] for details.
As indicated by the uncertainty bands in Fig. 3, chi-
ral interactions become less reliable with increasing den-
sity. This is especially true for the local interactions em-
ployed when obtaining the AFDMC band, because they
suffer from sizable local regulator artifacts [38, 51, 52].
To estimate the sensitivity of these uncertainties, we also
explore MBPT calculations with nonlocal chiral interac-
tions [9], which do not suffer from these additional reg-
ulator artifacts. For the MBPT results, we show the
total uncertainty band of Ref. [9], which was obtained by
studying several chiral interactions at N3LO as well as
variations of the cutoff and the 3N couplings. While the
uncertainty band is not based on a systematic order-by-
order study, the described uncertainty estimation is very
reasonable at N3LO. The resulting uncertainty band is
consistent with the AFDMC calculation but considerably
smaller at larger densities.
Finally, we also compare to results from BHF calcu-
lations based on the Nijmegen and Reid93 phenomeno-
logical interactions [10]. These calculations do not pro-
vide uncertainties but describe nucleon-nucleon scatter-
ing data with high precision and are in good agreement
with the results from chiral EFT. They enable us to com-
pare chiral and phenomenological models for SPM.
To extrapolate the chiral EFT results to higher densi-
ties, we fit the simple functional form [53]
Epol
N
(n) = a ·
(
n
nsat
)α
+ b ·
(
n
nsat
)β
(1)
to the upper and lower bounds as well as the centroid of
the uncertainty bands up to nuclear saturation density
nsat. In case of the AFDMC results, we test the quality
of the extrapolation by comparing it to the data points
between nsat and 2nsat and find that the fit provides a
reliable extrapolation to these higher densities. In case of
the BHF results, we fit this functional to the individual
results over the whole density range. Finally, in case the
EOS for SPM becomes acausal, we replace it by a causal
EOS with cs = c.
As we show in Fig. 2 for a given NS and SPM EOS,
the unpolarized phase is energetically favorable at low en-
ergy densities but becomes less favorable than the spin-
polarized phase at higher densities, if the EOS is suf-
ficiently stiff. The reason is that interactions in SPM
tend to be weak and results are close to the free Fermi
gas [9], while interactions in unpolarized matter are much
stronger and become increasingly repulsive. We then
identify the phase transition between the unpolarized and
the spin-polarized phase by a Maxwell construction, i.e.,
by matching pressure and Gibbs energy or chemical po-
tential, and construct a new EOS using the unpolarized
EOS below and the polarized EOS above the phase tran-
sition (blue-dashed line in Fig. 2). We emphasize that
this neglects corrections to the SPM EOS from contribu-
tions of protons (or other species), which are expected at
the level of ≈ 10 % given typical proton fractions.
To explore the sensitivity of our conclusions to the ex-
act construction of the phase transition, we have explored
a set of additional EOSs where the phase transition is
smeared out, similar to a Gibbs construction. Such a
transition would appear due to the formation of a mixed
phase if protons and electrons were included [54, 55]. In-
stead of enforcing P polarizedtr = P
unpolarized
tr = Ppt, and
connecting the EOS by a segment with cs = 0, we con-
struct EOS where the unpolarized EOS is valid up to
Ppt −∆P and the polarized EOS after Ppt + ∆P . These
EOS segments are then connected by a smooth interpo-
lation. The resulting maximum NS mass as a function of
the parameter ∆P is shown in the lower panel of Fig. 2
5for the given EOS. We find that smearing out the phase
transition lowers the maximum mass because the EOS
gets softened earlier. The maximum Mmax is therefore
found for a strong first-order phase transition to SPM
resulting from the Maxwell construction. This is in good
agreement with similar findings for a phase transition to
quark matter of Refs. [56, 57] and holds for all EOS in
our sample. Therefore, our conclusions are robust with
respect to the properties of the phase transition. We
also explored an extreme case, in which we replace the
polarized neutron-matter EOS after the phase transition
with a causal EOS with cs = c. For EOS that are soft
below the phase transition even this extreme construc-
tion cannot stabilize the star, and only for stiffer EOS a
stabilization is possible, leading to slightly larger Mmax.
We then repeat this construction for all NS EOS in our
original band and the different polarized neutron-matter
EOS. This leads to the results shown in Fig. 1, where
the upper and lower bounds of the hatched areas are
given by the upper and lower bounds of the uncertainty
bands of the SPM calculations in the corresponding pan-
els of Fig. 3 (or by the two different Hamiltonians in
the BHF case). For the AFDMC calculations, we find
1.75M 6 Mmax 6 2.93M, where the centroid of this
calculation is at Mmax = 2.29M. For the MBPT calcu-
lations, we find 1.84M 6Mmax 6 2.59M, and for the
BHF calculations, Mmax 6 2.61M or Mmax 6 2.44M.
Except in the stiffest possible case, for the upper bound
of the AFDMC uncertainty band, these findings are in
very good agreement with each other. However, for this
stiffest case the uncertainty is increased by regulator arti-
facts and, therefore, most likely overestimated. Remark-
ably, we find that the predicted maximum mass is in very
good agreement with the inferences from EM signals of
the GW170817 of Refs. [11–13], which are shown in Fig. 1
as horizontal lines or band.
Because the phase transition to polarized neutron mat-
ter softens the EOS drastically in most cases, we find
that it is unlikely that a NS with a spin-polarized core
exists in nature. Typically, we find the mass of a spin-
polarized phase to be 6 0.005M, largely a result of nu-
merical discretization artifacts. Only the stiffest possible
spin-polarized EOS can stabilize any star with a spin-
polarized phase in their core. For this spin-polarized
EOS, we find that the mass of SPM in the NS core is
6 0.19M. However, most of the resulting EOS lead to
typical NSs with radii > 13.6 km and are, hence, ruled
out by GW170817 [1, 4, 27–29]. If we exclude these EOS
from consideration, we find that the mass of SPM in the
core is 6 0.02M.
We have ignored the effects of magnetic fields, which
could impact the EOS of SPM if there is a net magnetiza-
tion. However, the polarized phase could form magnetic
domains that have a vanishing global net effect and are
therefore not affected by magnetic fields. We have also
ignored a gradual polarization of neutron matter which,
however, softens the EOS sooner and, hence, leads to a
lower maximum mass. Thus, the case we investigated
presents an upper limit on the maximum mass due to a
transition to SPM in the core. Finally, a similar effect on
the EOS might occur due to the onset of a phase transi-
tion to deconfined quark matter; see, e.g., category A in
Ref. [58]. However, since the properties of quark matter
cannot be predicted from first principles in the density
range of interest, in this case no strong constraint on the
maximum mass can be obtained.
Summary.– We have investigated the impact of a phase
transition from NS matter to polarized neutron matter
and found that such a phase transition limits the energy
density and pressure in the neutron star core as well as
the maximum mass. Combining information from our
AFDMC calculations, as well as previous MBPT [9] and
BHF [10] calculations limits the maximum mass of NSs
to lie below 2.6−2.9M, depending on the microscopic
nuclear forces used, while significantly larger maximum
masses of 3−4M could be reached without these con-
straints. These limits can be improved if the uncertainty
in calculations of SPM is reduced. Remarkably, this lower
maximum mass, and in particular the centroid of the
AFDMC calculations, Mmax = 2.29M, is in very good
agreement with recent constraints from the EM signal of
GW170817 from Refs. [11–13]. In addition, we find that
stars with a large spin-polarized domain in their core are
ruled out by the radius constraint from GW170817.
Acknowledgments.– We are grateful to C.J. Pethick
for helpful discussions and J. Carlson and C. Wellen-
hofer for comments on the manuscript. This work was
supported by the US Department of Energy, Office of
Science, Office of Nuclear Physics, under Contract DE-
AC52-06NA25396, the Los Alamos National Laboratory
(LANL) LDRD program, the NUCLEI SciDAC program,
and the Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation) – Projektnummer 279384907
– SFB 1245. Computational resources have been pro-
vided by Los Alamos Open Supercomputing via the In-
stitutional Computing (IC) program, by the National
Energy Research Scientific Computing Center (NERSC),
which is supported by the U.S. Department of Energy,
Office of Science, under contract DE-AC02-05CH11231,
and by the Ju¨lich Supercomputing Center.
[1] B. P. Abbott et al. (Virgo, LIGO Scientific), Phys. Rev.
Lett. 119, 161101 (2017).
[2] B. P. Abbott et al. (GROND, SALT Group, Oz-
Grav, DFN, INTEGRAL, Virgo, Insight-Hxmt, MAXI
Team, Fermi-LAT, J-GEM, RATIR, IceCube, CAAS-
TRO, LWA, ePESSTO, GRAWITA, RIMAS, SKA
South Africa/MeerKAT, H.E.S.S., 1M2H Team, IKI-GW
Follow-up, Fermi GBM, Pi of Sky, DWF (Deeper Wider
Faster Program), Dark Energy Survey, MASTER, As-
troSat Cadmium Zinc Telluride Imager Team, Swift,
6Pierre Auger, ASKAP, VINROUGE, JAGWAR, Chan-
dra Team at McGill University, TTU-NRAO, GROWTH,
AGILE Team, MWA, ATCA, AST3, TOROS, Pan-
STARRS, NuSTAR, ATLAS Telescopes, BOOTES, Cal-
techNRAO, LIGO Scientific, High Time Resolution Uni-
verse Survey, Nordic Optical Telescope, Las Cumbres
Observatory Group, TZAC Consortium, LOFAR, IPN,
DLT40, Texas Tech University, HAWC, ANTARES, KU,
Dark Energy Camera GW-EM, CALET, Euro VLBI
Team, ALMA), Astrophys. J. 848, L12 (2017).
[3] B. P. Abbott et al. (Virgo, Fermi-GBM, INTEGRAL,
LIGO Scientific), Astrophys. J. 848, L13 (2017).
[4] B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev.
X9, 011001 (2019).
[5] K. Hebeler, J. D. Holt, J. Mene´ndez, and A. Schwenk,
Annu. Rev. Nucl. Part. Sci. 65, 457 (2015).
[6] J. M. Lattimer and M. Prakash, Phys. Rept. 621, 127
(2016).
[7] F. O¨zel and P. Freire, Annu. Rev. Astron. Astrophys. 54,
401 (2016).
[8] P. Danielewicz, R. Lacey, and W. G. Lynch, Science 298,
1592 (2002).
[9] T. Kru¨ger, K. Hebeler, and A. Schwenk, Phys. Lett. B
744, 18 (2015).
[10] I. Vidana, A. Polls, and A. Ramos, Phys. Rev. C 65,
035804 (2002).
[11] B. Margalit and B. D. Metzger, Astrophys. J. 850, L19
(2017).
[12] M. Shibata, S. Fujibayashi, K. Hotokezaka, K. Kiuchi,
K. Kyutoku, Y. Sekiguchi, and M. Tanaka, Phys. Rev.
D 96, 123012 (2017).
[13] L. Rezzolla, E. R. Most, and L. R. Weih, Astrophys. J.
852, L25 (2018).
[14] K. Hebeler, J. M. Lattimer, C. J. Pethick, and
A. Schwenk, Astrophys. J. 773, 11 (2013).
[15] I. Tews, J. Carlson, S. Gandolfi, and S. Reddy, Astro-
phys. J. 860, 149 (2018).
[16] R. C. Tolman, Phys. Rev. 55, 364 (1939).
[17] J. R. Oppenheimer and G. M. Volkoff, Phys. Rev. 55,
374 (1939).
[18] J. M. Lattimer, Ann. Rev. Nucl. Part. Sci. 62, 485 (2012).
[19] P. Demorest, T. Pennucci, S. Ransom, M. Roberts, and
J. Hessels, Nature 467, 1081 (2010).
[20] J. Antoniadis et al., Science 340, 6131 (2013).
[21] E. Fonseca et al., Astrophys. J. 832, 167 (2016).
[22] H. T. Cromartie et al., (2019), arXiv:1904.06759.
[23] A. W. Steiner, J. M. Lattimer, and E. F. Brown, Astro-
phys. J. 722, 33 (2010).
[24] K. Gendreau, Z. Arzoumanian, and T. Okaajima, Proc.
SPIE 8443, 844313 (2012).
[25] A. L. Watts et al., Sci. China Phys. Mech. Astron. 62,
29503 (2019).
[26] A. L. Watts et al., Rev. Mod. Phys. 88, 021001 (2016).
[27] E. Annala, T. Gorda, A. Kurkela, and A. Vuorinen,
Phys. Rev. Lett. 120, 172703 (2018).
[28] E. R. Most, L. R. Weih, L. Rezzolla, and J. Schaffner-
Bielich, Phys. Rev. Lett. 120, 261103 (2018).
[29] I. Tews, J. Margueron, and S. Reddy, Phys. Rev. C 98,
045804 (2018).
[30] M. Ruiz, S. L. Shapiro, and A. Tsokaros, Phys. Rev. D
97, 021501 (2018).
[31] T. Kru¨ger, I. Tews, K. Hebeler, and A. Schwenk, Phys.
Rev. C 88, 025802 (2013).
[32] S. K. Greif, G. Raaijmakers, K. Hebeler, A. Schwenk,
and A. L. Watts, Mon. Not. Roy. Astron. Soc. 485, 5363
(2019).
[33] M. Nauenberg and G. Chapline, Jr., Astrophys. J. 179,
277 (1973).
[34] C. E. Rhoades, Jr. and R. Ruffini, Phys. Rev. Lett. 32,
324 (1974).
[35] V. Kalogera and G. Baym, Astrophys. J. 470, L61 (1996).
[36] A. Gezerlis, I. Tews, E. Epelbaum, S. Gandolfi,
K. Hebeler, A. Nogga, and A. Schwenk, Phys. Rev. Lett.
111, 032501 (2013).
[37] A. Gezerlis, I. Tews, E. Epelbaum, M. Freunek, S. Gan-
dolfi, K. Hebeler, A. Nogga, and A. Schwenk, Phys. Rev.
C 90, 054323 (2014).
[38] I. Tews, S. Gandolfi, A. Gezerlis, and A. Schwenk, Phys.
Rev. C 93, 024305 (2016).
[39] J. E. Lynn, I. Tews, J. Carlson, S. Gandolfi, A. Gezerlis,
K. E. Schmidt, and A. Schwenk, Phys. Rev. Lett. 116,
062501 (2016).
[40] E. Epelbaum, H.-W. Hammer, and U.-G. Meißner, Re-
views of Modern Physics 81, 1773 (2009).
[41] R. Machleidt and D. R. Entem, Phys. Rept. 503, 1
(2011).
[42] H.-W. Hammer, A. Nogga, and A. Schwenk, Rev. Mod.
Phys. 85, 197 (2013).
[43] I. Tews, T. Kru¨ger, K. Hebeler, and A. Schwenk, Phys.
Rev. Lett. 110, 032504 (2013).
[44] S. Gandolfi, J. Lippuner, A. W. Steiner, I. Tews, X. Du,
and M. Al-Mamun, (2019), arXiv:1903.06730.
[45] J. Carlson, S. Gandolfi, F. Pederiva, S. C. Pieper, R. Schi-
avilla, K. E. Schmidt, and R. B. Wiringa, Rev. Mod.
Phys. 87, 1067 (2015).
[46] J. E. Lynn, I. Tews, S. Gandolfi, and A. Lovato, Annu.
Rev. Nucl. Part. Sci. in press (2019), arXiv:1901.04868.
[47] K. E. Schmidt and S. Fantoni, Phys. Lett. B 446, 99
(1999).
[48] V. G. J. Stoks, R. A. M. Klomp, C. P. F. Terheggen, and
J. J. de Swart, Phys. Rev. C 49, 2950 (1994).
[49] E. Epelbaum, H. Krebs, and U. G. Meißner, Eur. Phys.
J. A 51, 53 (2015).
[50] L. Riz, F. Pederiva, and S. Gandolfi, (2018),
arXiv:1810.07110 [nucl-th].
[51] A. Dyhdalo, R. J. Furnstahl, K. Hebeler, and I. Tews,
Phys. Rev. C 94, 034001 (2016).
[52] L. Huth, I. Tews, J. E. Lynn, and A. Schwenk, Phys.
Rev. C 96, 054003 (2017).
[53] S. Gandolfi, A. Yu. Illarionov, K. E. Schmidt, F. Ped-
eriva, and S. Fantoni, Phys. Rev. C 79, 054005 (2009).
[54] N. K. Glendenning, Phys. Rev. D 46, 1274 (1992).
[55] H. Heiselberg, C. J. Pethick, and E. F. Staubo, Phys.
Rev. Lett. 70, 1355 (1993).
[56] A. Bhattacharyya, I. N. Mishustin, and W. Greiner, J.
Phys. G 37, 025201 (2010).
[57] X. H. Wu and H. Shen, Phys. Rev. C 99, 065802 (2019).
[58] M. G. Alford, S. Han, and M. Prakash, Phys. Rev. D
88, 083013 (2013).
